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, Abstract. This paper reports results on simultaneous measurements of the reaction channels pp —¥ pK + A 

and pp -> pK+E° at excess energies of 204, 239, and 284 MeV (A) and 127, 162, and 207 MeV (E°). 
£"""»» ' Total and differential cross sections are given for both reactions. It is concluded from the measured total 

OO . cross sections that the high energy limit of the cross section ratio is almost reached at an excess energy 

£NJ ■ of only about 200 MeV. From the differential distributions observed in the overall CMS as well as in the 

Jackson and helicity frames, a significant contribution of interfering nucleon resonances to the A production 
qq , mechanism is concluded while resonant E°-production seems to be of lesser importance and takes place 

only through specific partial waves of the entrance channel. The data also indicate that kaon exchange 
f"^ ' plays a minor role in the case of A- but an important role for E°-production. Thus the peculiar energy 

y—{ , dependence of the A/E° cross section ratio appears in a new light as its explanation requires more than 

mere differences between the pA and the pE° final state interaction. The data provide a benchmark for 
' theoretical models already available or yet to come. 

X ' 

PACS. 13.75.Cs Nucleon-nucleon interactions - 13.75.-n Hadron-induced low- and intermediate-energy 
reactions and scattering (energy < 10 GeV) - 13.75.Ev Hyperon-nucleon interactions - 25.40.Ve Other 
reactions above meson production thresholds (energies > 400 MeV) 



1 Introduction 

The physics program carried out at the COoler SYnchro- 
tron COSY (Forschungszentrum Jiilich, Germany) focuses 
on the study of mesons and baryons in the confinement 
regime of QCD. Associated strangeness production plays 
a major role within this general field and has been studied 
by various experimental groups at COSY. In the case of 
proton-proton induced A and S° hyperon production this 
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effort has led to very well measured excitation functions 
starting at excess energies (e = y/s — (m p + ttik + my)) 
only a few MeV above the thresholds and extending to 
e w 200 MeV in the case of A and e ss 120 MeV in the case 
of S° production [ gmHH |5 ] |g l |7] - 

One surprising result of these investigations is that the 
excitation function of pp — > pK + S° exhibits within uncer- 
tainty a pure phase space behavior (er^o oc e 2 ) whereas the 
pK + A final state is produced with larger abundance to- 
wards the production threshold. This leads to a peculiar 
energy dependence of the production cross section ratio 
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Fig. 1. Reaction mechanisms involving (a) strange, (b) non- 
resonant, and (c) resonant, non-strange meson exchange for 
pp — > pK + y, Y — A, E°. Initial and final state interactions are 
not indicated. 

Ra/t, = ca/ct s o. A few MeV above the threshold a high 
value of i? A/s o = 28±g has been found [5J3]. With in- 
creasing excess energy i?A/E° drops steadily to a value of 
8 ± 2.7 at e = 60 MeV 0. Then, up to e = 700 MeV 
the energy dependence of i?A/s° cannot be determined 
in a model independent manner, as the few existing data 
points were taken at different excess energies. However, 
above 700 MeV the data collected in [5] show i?A/£o to 
stay essentially constant at a value of only 2.2 ± 0.2. The 
low and the high energy limits, respectively, are both close 
to "magic values", as a ratio of 27 is the SU(6) predic- 
tion of the ratio of the squares of the coupling constants 
of the virtual exchange-kaon {g%s akI 9nek) M an d the 
ratio of three follows from isospin considerations. It has 
been argued, however, that these theoretical explanations 
are oversimplifications [TUllllj ; perhaps one observes only 
a fortuitous coincidence. 

The dramatic change of the A to E° cross section ratio 
with excess energy could be due to different production 
processes, or distinctively different final state interactions 
(FSI), or both. However, the reaction mechanisms are far 
from being established as various theoretical approaches 
have been developed in the last years which all reproduce 
the experimental data with about the same amount of suc- 
cess. These models are based on very different footings: 
a coherent interplay of FSI and nucleon resonances was 
concluded for A production [TUJ; the production via es- 
tablished nucleon resonances was studied [11] ; a contribu- 
tion of an N(1535) resonance without any proton-hyperon 
FSI was suggested |12) : destructive interferences between 
7r and K exchange contributions were considered p~3] ; and 
a constituent quark-gluon model with the inclusion of nu- 
cleon resonances was proposed [33] . Finally, a model based 
on kaon and pion exchange developed for SATURNE [TSJ 
[TB] data (e > 1 GeV) long before the COSY era also re- 
produces the energy dependence of R\/y,° fairly well, as 
without any adjustment of the parameters the ratio is only 
underestimated by 50% directly at threshold [T7]- Hence, 
the energy dependence of the total cross sections alone 
is not at all sufficient to discriminate between these dif- 
ferent theoretical approaches. Differential observables for 
both reaction channels are highly desired in order to set 
benchmarks for theoretical models. 

This large variety of theoretical approaches to describe 
hyperon (= Y) production in proton-proton collisions can 
be ordered into two classes of production scenarios de- 



picted in hg.[T] On the one hand, kaon (and K*) exchange 
manifests strangeness in the production mechanism itself. 
In this case resonances could be involved in principle, 
however, none is known in the Kp-system at present. On 
the other hand, n (and a, rj, p, w) exchange shifts the 
strangeness production away from the interaction of both 
protons to the p7r — > KY vertex. Since the subprocess 
p7r — > KY is likely to involve an intermediate resonance 
(p7r -> N*,A*;N*/A* — !> KY), this scenario suggests the 
role of resonances to be of importance for proton-proton 
induced hyperon production. 

Numerous studies of nucleon and A resonances excited 
in 7rN and 7N reactions revealed among other resonances 
those which decay into particles with open strangeness 
such as the associated pairs KA or KE [T5[IIW20TI2I||2"2"1 
[55]. According to these findings and other experimental 
as well as theoretical work, the particle data group [23] 
lists the resonances N(1650)S n , N(1675)D 15 , N(1680)F 15 , 
N(1700)D 13 , N(1710)P U , N(1720)P 13 , and N(1900)P 13 and 
values for the K + A branching ratios. Strong evidence was 
advanced for additional states, namely N(1840)P 11 and 
N(1875)D 13 [25]. The latter may be the same as N(1895)D 13 
[23(23 or N(1950)D 13 [25]. The properties of all these 
resonances (mass, width, branching ratios to KA or KE) 
are typically not known well and the role these nucleon 
resonances play for associated strangeness production in 
proton-proton collisions is not well understood. It should 
be mentioned that the concept of resonant hyperon pro- 
duction limits the K + A final state to be produced only 
from N* resonances (due to isospin conservation) whereas 
the K + E° pair can be reached via both N* and A* reso- 
nances. In the latter case, A(1600)P 33 , A(1620)S 3 i, A(1700)P 33 , 
A(1750)P 33 , and A(1900)S 3 i can also be involved. The 
A* -resonances increases the number of possible contribu- 
tions to the K + E° production process and renders a the- 
oretical description even more difficult than that of the 
pK + A channel. Turning the argument around the isospin- 
selective pp — > pK + A channel could potentially serve as 
a tool to find so-called missing resonances (with 1=1/2) 
[25], i.e. resonant states predicted by quark-models which 
have not been found experimentally so far. 

The COS Y-TOF collaboration has recently published 
data on total cross sections for the pp — » pK + A channel 
at moderate excess energies of 85, 115, and 171 MeV, and 
the first differential data, namely Dalitz plots and helicity 
angle distributions at e=171 MeV [5]. In addition, invari- 
ant mass spectra are shown. The results can be described 
by a reaction model which includes in a coherent man- 
ner the N(1650)S n , N(1710)P n , and N(1720)P 13 nucleon 
resonances in conjunction with a considerable contribu- 
tion of pA final-state-interaction. With increasing energy 
the relative contribution of the N(1650)S n then dimin- 
ishes in trade for a stronger influence of the N(1710)P n 
and N(1720)P 13 as shown in [501151] . 

The only known experimental fact in the case of the 
pp — » pK + E° reaction is the proportionality of the total 
cross section to the phase space volume (er^o cx e 2 ). This 
can be taken as a indication for the reaction mechanism 
to be independent of the excess energy and the absence 
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of a strong pE°-FSI which would manifest itself close to 
threshold. However, it is of course possible that competing 
processes cancel in a way that they mimic the a^o oc e 2 be- 
havior. As experimental results on differential observables 
are completely lacking for E° production in pp-collisions 
any detailed theoretical approach is currently hampered 
strongly. 

In this paper differential distributions for both reac- 
tions are presented, namely the angular distributions of 
all final state particles in the overall CMS, as well as dis- 
tributions in both the Jackson and helicity frames of all 
two-body subsystems. Like Dalitz plots, the helicity an- 
gle distributions provide insight into the three-body fi- 
nal state. They are especially well suited to investigate 
the influence of intermediate resonances. The information 
contained in the Jackson angle distributions are comple- 
mentary to that of a Dalitz plot, as this angular distribu- 
tion relates the exit to the entrance channel and hints at 
relative angular momenta and/or resonances present in a 
specific two-body subsystem. 

The data were taken at beam momenta of pbeam — 
2950, 3059, and 3200 MeV/c. These beam momenta corres- 
pond to excess energies of 204, 239, and 284 MeV in the 
case of pp — > pK + A (mjs. = 1116 MeV) while the neutral 
£ is produced 127, 162, and 207 MeV above threshold 
(m s o = 1193 MeV). The data taken at p beam = 3059MeV/c 
stand out since they have a large integrated luminosity; in 
this case the calibration, the acceptance correction as well 
as the overall luminosity were cross-checked by three inde- 
pendent subgroups of our collaboration when a supposed 
pentaquark state was searched for [32] . The measurements 
at 2950 MeV/c and 3200 MeV/c were carried out directly 
one after the other without any change of detector set- 
up, DAQ, high voltage or electronics. Hence, the results 
of these two data sets are ideal for relative comparisons as 
systematic uncertainties partly cancel. 



2 Experimental procedure 
2.1 Detector setup 

The experiments were carried out with the time-of-flight 
detector COSY-TOF located at an external beam line 
of the COoler SYnchrotron COSY (Forschungszentrum 
Jiilich). The COSY machine provides proton beams of 
very high quality (spill length 5 min; several 10 6 pro- 
tons/s; low emittance of < 5 7rmmmrad; relative momen- 
tum uncertainty Apjp < 10 -3 ). 

The layout of the COSY-TOF detector is shown in 
the upper part of fig. [5] in the lower part the near tar- 
get region with the time-of-flight start and tracking detec- 
tors [3"3"1IM] is sketched. The interaction volume is small 
and well defined as the narrow beam with Gaussian pro- 
file (a x ,y < 300 jttm) is directed onto a liquid hydrogen 
target of only 4 mm length |35j . The emerging particles 

1 The term "acceptance" is used for the convolution of solid 
angle coverage, detector-, and reconstruction-efficiency. 
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Fig. 2. The COSY-TOF detector (top), the near-target region 
(start-detector system, bottom). Within the lower picture the 
event pattern for both hyperon channels is shown. 



traverse just behind the target (« 25 mm) a 24-fold seg- 
mented scintillation detector ( "start-detector" ) which pro- 
vides the start signal for the time-of-flight measurement. 
At a distance of 30 mm downstream of the target a double- 
sided silicon-microstrip detector is installed, followed by 
two double-layered scintillating fiber hodoscopes at 100 
and 200 mm. These three tracking detectors measure the 
coordinates of traversing charged particles in three dimen- 
sions with a spatial resolution of 100 fim (microstrip) 
and ~ 1.5 mm (hodoscopes). 

After a flight path of~3m through the evacuated ves- 
sel (0.2 Pa) all charged particles are detected in the highly 
segmented stop components. They consist of two triple- 
layered forward hodoscopes (central and ring hodoscope) 
[36] and a barrel hodoscope [37], all manufactured from 
BC412 scintillating material. From the combined mea- 
surement of time and position the velocity vectors of all 
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charged particles are determined with a time-of-flight res- 
olution of better than otof — 300 ps and an angular 
track-resolution of better than <j < = 0.3°. Primary ver- 
tices (located within the target) are reconstructed with an 
accuracy of better than a x . y = 0.5 mm and o z = 2.0 mm. 
Secondary vertices from particles decaying behind the mi- 
crostrip detector and before the first hodoscope are re- 
constructed with an accuracy of a XtV < 1 mm and a z < 
3.0 mm. 

The COSY-TOF detector stands out for its low mass 
area density of target, start-detector, and tracking detec- 
tors. This renders the influence of small angle scattering 
and energy loss almost negligible. In addition, the COSY- 
TOF detector has a high efficiency of > 95% for the de- 
tection of charged particles and covers a large solid angle 
(1° < 6 < 60°, 0° < <j> < 360°) in the laboratory frame. 
These features allow the almost unambiguous and simul- 
taneous identification of different reaction channels (e.g., 
pp -> pp, d7r+, ppw, pK+A, pK+£°, pK°S+) by exam- 
ining the measured time-of-flight of the charged particles 
and their event topology. 

2.2 Principle of measurement and data analysis 

The strategies presented in this paper for the analysis 
of neutral hyperon production are a straightforward ex- 
tension of the special routines developed by the Dresden 
group for the analysis of the reaction channel pp — ► pK°E + 
(analysis A in [32 ) within our standard analysis frame- 
work 41 , 42 , 43 , 44 . This approach is an alternative one to 
that applied in [B"ll3"3] . 

Here, the focus lies on an extensive use of the time- 
of-flight information in order to independently determine, 
on the one hand, the primary particles (p,K + ) and, on 
the other hand, the secondary particles stemming from 
the hyperon's decay into p and tt~ . While the secondary 
particles are used as a "positive tag" for a pK + Y events, 
the four-momenta of primary protons and kaons arc uti- 
lized to calculate the missing mass spectrum which shows 
both hyperons well resolved. This missing mass spectrum 
is then the backbone of the analysis. 

The simultaneous analysis of the reactions pp — > pK + A 
and pp — > pK + E° is possible due to the decay properties 
of the hyperons involved. A S° (m s o = 1193 MeV/c 2 ) 
decays with a branching ratio of BIZ s» 100% in the di- 
rect vicinity of its production vertex (ct = 2.2- 10~ n m) to 
A7. The photon remains undetected, however, its energy is 
small compared to the mass of the A (ttja = 1116 MeV/c 2 ) 
and thus the change of direction of the A with respect to 
that of the S° is less than 5° in the laboratory system. 
This minor change of direction justifies to analyze both 
reactions on equal footing. 

During data taking both final states are preselected 
via the same trigger based on the multiplicity-jump of 
charged particles (see fig. [21 lower part): near the target 
(start-detector) only two charged particles are found (p, 
K + ) whereas, due to the sizable decay length of the A 
hyperon (cta — 7.89 cm) and its decay into two charged 
particles (A — > pir~, BIZ = 64.2%), four hits are detected 



in the stop components. This requirement is also modeled 
as the first step in the off-line analysis. 

Both primary (p,K + ) and secondary (p,7r~) particles 
emerge from a vertex and form a U-shaped pattern in 
the detector. These patterns are searched for by a fit- 
ting procedure, where each layer of the tracking detectors, 
which has produced a signal, provides an individual track 
point. In order to identify these two different sets of V 
shaped patterns the following self-evident conditions are 
exploited: a primary V is characterized by two hits in the 
stop components in coincidence with two hits in the start- 
detector together with any number of track points in the 
microstrip and hodoscopes; the vertex must be located in- 
side the target within resolution. A secondary V has two 
hits in the stop components; at least three track points in 
each arm; a decay plane intersecting the target volume; 
and a decay vertex located in the volume between the mi- 
crostrip detector and the first hodoscope (decay volume). 
All permutations of hits in the stop components are taken 
into account resulting first in a set of primary and then in 
secondary U-candidates. The best Vs are chosen accord- 
ing to the number of track points and the quality of the 
fit. This method was developed by means of Monte Carlo 
data. 

So far only geometric information has been exploited 
in order to independently determine one primary and one 
secondary V. Using the measured time-of-fiight (t s t op — 
t start) for the particles of each arm of the primary Vs 
leads to corresponding primary velocity vectors. An av- 
eraged start-detector value is used for the time-of-flight 
determination of secondary particles. Masses have to be 
assigned to these velocity vectors in order to obtain four- 
vectors. As the COSY-TOF detector does not provide di- 
rect particle identification, the event-topology is used. For 
the secondary V, the particle with the smaller angle to the 
direction of flight of the hyperon (determined from the di- 
rection from the primary to the decay vertex) is called 
"proton" while the other is called "pion". Monte Carlo 
studies have shown that, due to the large mass difference 
of both particles, this assignment is correct for more than 
99% of the pK+A events (97% in case of pK+E°). 

In order to label each arm of the primary V correctly 
as proton and kaon the direction of flight of the hyperon 
is used. This observable is measured independently twice, 
1) from the vector connecting the origin with the vertex 
of the secondary V and 2) from the missing momentum 
vector calculated from the primary particles. The latter is 
calculated for both possibilities of particle assignment, the 
one with the better match of flight directions is chosen to 
be the proper one. Monte Carlo studies have shown that 
the mass assignment is correct for about 80% of the events. 
Swapped mass assignments lead to a broad missing mass 
distribution in the final data sample with no peaks in the 
vicinity of the hyperon masses. 

The background is reduced by requiring the proper- 
ties of the secondary V to match those of a decaying 
A hyperon. Firstly, it is necessary that the angle of the 
secondary proton with respect to the A flight direction 
lies within the kinematically possible region (< 10°). Sec- 
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ondly, the invariant mass of proton and pion, m p7r - = m\, 
is calculated from the flight direction of the hyperon (de- 
cay vertex), the measured four momentum of the sec- 
ondary proton, and the direction vector of the pion. This 
value must match the A mass within limits determined 
by Monte Carlo. The combination of both requirements 
reduces Monte Carlo and data signals by only 4% while 
40% of the experimental background is suppressed in the 
final data sample. 

As a final selection criterion, only events with the com- 
bined momentum vector of primary proton and kaon point- 
ing in the backward CMS hemisphere are considered. Due 
to the Lorentz boost the particles in this hemisphere have 
smaller velocities in the laboratory system. This increases 
the relative time-of-flight resolution, which in turn signif- 
icantly increases the absolute momentum, and hence, the 
missing-mass resolution. It should be mentioned that this 
requirement leads to no loss of physical information, as 
the symmetric entrance channel (proton-proton) enforces 
the same physics in either CMS hemisphere. 

2.3 Acceptance correction and absolute normalization 

The Monte-Carlo package used [381139] models the detec- 
tor and the physical processes to great detail. The event 
generator produces the particles of the exit channel either 
according to the three-body phase space, or likewise, inter- 
mediate resonances can be chosen in order to model a two- 
step creation process (pp ^pN*,N* -> K+A, K+S°). 
The particles (and their daughters, granddaughters, ...) 
are then propagated through the detector. Branching ra- 
tios and lifetimes of all particles are incorporated accord- 
ing to the values given in [23]. Energy loss, small-angle 
scattering, nuclear reactions, and <5-electrons are consid- 
ered. From the energy deposit in the active detector com- 
ponents digitized QDC- and TDC-signals are generated. 
Noise and thresholds are modeled as known from the mea- 
sured detector response. Deviations from an homogeneous- 
ly populated phase space can be introduced by a weight 
function on an event-by-event basis (this procedure is called 
filtering in the following). Finally, the Monte Carlo data 
are subjected to the very same routines as real data in 
order to determine the acceptance. 

The use of phase-space distributed data as Monte Carlo 
input is only justified if the reaction under study is homo- 
geneously distributed in phase space or if the acceptance 
coverage of the detector is homogeneous over the whole 
five-dimensional event-space of the three-body final state. 
Two deviations from three-body phase space are likely to 
occur in proton-proton experiments: anisotropic angular 
distributions causing particles to prefer different angular 
regions (of possibly different acceptance) and intermedi- 
ate nucleon resonances limiting the available phase space 
of all decay products caused by the mass and width of the 
resonance. 

The influence of anisotropic angular distributions on 
the overall acceptance was investigated by filtering the 
Monte Carlo input in such a way as to match the ex- 
perimental results. For all modeled angular distributions 



a change of the overall acceptance of less than 10% was 
found. The influence of nucleon resonances on the accep- 
tance corrected data was deduced by using a set of Monte 
Carlo data created with different TV* resonances (mjv* = 
1400, 1535, 1650, 1720, 1850, 1900 MeV; r N . = 20, 100, 
150, 200, 300, 400 MeV). Only minor changes of the ac- 
ceptance corrected differential distributions were observed 
and the total cross section changes by less than 4% if 
the width of the resonance was chosen to be larger than 
100 MeV. As, at present, there is no theoretical model 
available on which a proper Monte Carlo simulation can 
be based, a homogeneously populated phase space mod- 
ified to model measured angular distributions was used 
throughout the analysis. Details will be given when dis- 
cussing the angular distributions. 

The overall acceptance for the reactions under study is 
mainly governed by three obvious contributions, namely 
the A branching ratio to charged particles (64%), the re- 
striction to one CMS hemisphere (50%), and the probabil- 
ity of the secondary vertex to be located within the "decay 
volume" (30%) indicated in the lower part of fig. 2. The 
decay of kaons and pions in flight as well as a decay pion 
escaping detection contribute in an intertwined manner 
(pa 25%). The overall acceptance is found to be « 1.8% in 
case of A and « 1.4% in case of E° detection. The relative 
uncertainty of the acceptance correction was determined 
by investigating the effect of all restrictions imposed dur- 
ing the data analysis and was found to be below 10%. 

In the case of differential distributions the acceptance 
varies smoothly with the observable under consideration. 
Here, an additional uncertainty comes into play due to 
the gradient of the acceptance function. This additional 
uncertainty Aai is taken into account by choosing Aai = 
(|a,;— <2i_i| + |ai— a,;+i|)/4, where is the acceptance in bin 
i. The square root of the quadratic sum of this acceptance 
uncertainty, the statistical error, and the uncertainty due 
to signal-background separation (see below) will be shown 
when presenting the data. 

The absolute normalization is determined via the ana- 
lysis of elastic scattering, which was recorded simultane- 
ously during the experiment. Our results are normalized to 
high quality data on elastic cross sections provided by the 
EDDA collaboration [40] and yielded the numerical val- 
ues for the time-integrated luminosity of 16.9 nb _1 (2950 
MeV/c), 214 nb" 1 (3059 MeV/c), and 6.4 nb" 1 (3200 MeV/c). 
The total uncertainty of this procedure (5%) is in equal 
parts due to our analysis and the uncertainty of the liter- 
ature data. For details see [HPS] . 

2.4 Determination of the signal yields 

Figure [3] shows the missing mass spectra measured at the 
three excess energies. In addition the Monte Carlo result 
is shown for a beam momentum of 3059 MeV/c (lower- 
right) The ratio of Monte Carlo pK+A and pK+E° events 
are chosen according to the total cross sections measured 
for each excess energy. Distinct signals for the A and the 
S° hyperon can be seen above a smooth and structure- 
less background. As usual for time-of-flight detectors, the 



6 



M. Abdel-Bary et al.: Production of A and £ hyperons in proton-proton collisions 





1300 



missing mass (MeV/c) missing mass (MeV/c) 

Fig. 3. Missing mass spectra measured at the three beam momenta. Two peaks, corresponding to pp —¥ pK + A and pp — > pK + S° 
are observed above a smooth background. The result of a fitting procedure for signal (dotted line), background (dashed line), 
and total spectrum (solid line) are shown in all cases. In the lower right frame the Monte Carlo result for 3059 MeV/c is depicted. 
The relative weight of both signals were accounted for by using the experimentally determined ratio of the total cross sections. 



missing mass resolution (momentum resolution) is best 
for smaller velocities in the exit channel (smaller beam 
momenta in the entrance channel). Comparing the spec- 
tra, the higher luminosity is reflected in the spectrum for 
Pbeam = 3059MeV/c, a better beam quality for the mea- 
surements at pbeam = 2950 and 3200MeV/c manifests it- 
self in a low background contribution. 

The number of events in the missing-mass peaks are 
obtained by consecutively fitting first the background and 
then the signals. For the background parametrization qua- 
dratic or cubic polynomials are used, where only missing 
masses below the A- and above the I7 -peak are taken 
into account. Both types of parametrizations lead to the 
same final results within 2%. Then, the background pa- 
rameters are fixed and the signals are described by two 
Voigt functions (convolution of a Gauss- and a Lorentz- 
function). Voigt functions are chosen since they model 
properly the signal shape of a rather narrow peak accom- 
panied by broader tails. A superposition of two Gaussians, 
however, yields the same results within uncertainty limits 

The overall systematic uncertainty due to signal and 
background separation is determined by varying the fit- 
region for the background-fit below and above the two 



peaks. In the case of A production this uncertainty is 
rather small (5%), especially as the contribution of the 
much smaller E° signal is negligible. The relative influ- 
ence of the background on the systematic uncertainty is 
larger for the smaller E°-signal (15%). Here, the signal-to- 
background ratio is close to unity and more sensitive to 
the choise of fitting regions. In addition, the uncertainty 
of the contribution of the much larger A signal is not neg- 
ligible, especially as the E°-signal happens to appear near 
the maximum change of the slope of the A-tail. 

For the total cross sections statistical uncertainties which 
reflect the numerical uncertainties of the fitting proce- 
dure are quoted while the systematic uncertainties are the 
quadratic sum of the uncertainties of luminosity determi- 
nation (5%), acceptance correction (10%), and signal in- 
tegration (5% for A and 15% for S°). 

Differential cross sections are determined in analogy to 
the total yield, only that the amount of signal and back- 
ground is determined individually from missing mass spec- 
tra generated for each bin of the observable under study. 
The widths of the bins are chosen according to the de- 
tector resolution and statistical aspects. In addition, the 
secondary V is required to have in each arm four track 
points in the two hodoscopes. This requirement further 
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Table 1. Total cross sections for the reactions pp — > pK + A 
and pp —¥ pK + S°. The first uncertainty refers to statistical 
and the second to systematical ones. 



e (MeV) acc (%) counts a to t {/Jo) 



pp ->■ pK + A 

204 1.95 7228 21.8 ± 0.3 ± 2.7 

239 1.72 89684 24.4 ± 0.1 ± 3.0 

284 1.63 3322 32.0 ± 0.9 ± 3.9 

pp pK+E° 

127 1.28 676 3.1 ± 0.2 ± 0.6 

162 1.51 12644 3.9 ± 0.1 ± 0.7 

207 1.45 800 8.6 ± 0.5 ± 1.6 



upper part the world data of total cross sections for the 
reaction pp pK+A and pp pK+S° (e < 300 MeV). 
Our new data extend the near threshold measurements by 
roughly 80 MeV excess energy, i.e. directly into the region 
where the energy dependence of the ratio of the cross sec- 
tions i?A/£o is not known well. Up to e « 170 MeV the 
excitation function o^o = a^a (e) is very well described 
within the experimental resolution by a pure phase space 
dependence given by cr pK + s o = K ■ e 2 (K = 1.545 x 
!Q- A nb/MeV 2 , dash-dotted line in fig. HJ). 



reduces background and allows to separate a clean signal 
also in angular bins containing only a small number of 
counts. 



3 Results and discussions 

The interpretation of experimental data on proton-proton 
induced hyperon production is difficult for three reasons. 
First off, the different reaction mechanisms (light/heavy 
non-strange as well as strange meson exchange, nucleon 
resonances, and FSI, ...) are likely to interfere, i.e. the ef- 
fects of the different contributions cannot be seen in a pure 
and isolated manner. Second, each particle in a three-body 
final state is always connected kinematically to the other 
two. This can lead to correlations between two different 
observables and renders a true physical cause difficult to 
disentangle from its effect. A well known example for this 
to happen is the reflection of a resonance seen in a Dalitz 
plot. And finally, the interpretation of the experimental 
data by theory is often ambiguous as different conclusions 
can be drawn from the same experimental data set. For 
these reasons the interpretation of the results presented 
will be using only general arguments based on kinematics 
and conservation laws. 

In the following the total cross sections for both chan- 
nels will be presented and discussed, where in particu- 
lar the energy dependence ot the ratio i?A/s° will be ad- 
dressed. Then the differential distributions of the reaction 
pp — > pK + A will be shown for all three excess energies in 
various reference frames. Using these results we will elab- 
orate on the reaction mechanism as it manifests itself in 
these differential distributions. Finally, the first differen- 
tial observables for E° production in proton-proton colli- 
sions will be presented for the high statistics data set. Here 
the discussion will concentrate on a comparison of the two 
reaction channels and the reaction mechanisms involved. 
The numerical values of all one-dimensional cross sections 
are listed in the appendix. 



3.1 Total cross sections 

The results for the total cross sections are listed in ta- 
ble [TJ They are included in fig. H] which shows in the 
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The excitation function of pp —> pK + A clearly can- 
not be parameterized by pure phase space (dashed line in 
fig. 2]). A parametrization proposed by Faldt and Wilkin 
|50] is more appropriate 



a = C- 



(i + v /TT^) 2 ' 



(i) 



and describes the energy dependence of the cross section 
well up to 300 MeV (solid line in fig. 2] the parameters 
C = 0. 0257 '4/z&/ 'MeV 2 and a = 5.203AieV can be related 
to the pA-FSI). 

In the lower part of fig.0]tlie ratio of both parametriza- 
tions is shown as a solid line together with the world data 
on cross section ratios [3l[5j|8]. At the excess energies of 
127 MeV a data point is added which is determined from 
the measured cr^o cross sections given in [7] and the a\ 
parametrization ([1]). At the same energy and at 162 MeV 
our results (shown as triangles) are also included, where 
the <7a parametrization (JT|) and our new cross sections for 
(7 S o are used. 

The two experimental cross sections of pp — > pK + A at 
e = 204 MeV and pp -> pK+E° at e = 207 MeV are used 
to directly calculate the ratio of i?A/s° = 2.5 ± 0.4, as 
the phase space volume differs by less than 3%. In this 
ratio systematic uncertainties of the two measurements 
partly cancel (see introduction). The new experimental 
value confirms the general trend towards the high energy 
limit of 2.2, which has been determined experimentally 
for e > 700 MeV in the 1960ies and 1970ies. At an excess 
energy of 204 MeV i?A/s° is found to be more than one 
standard deviation below the value of three which follows 
from isospin considerations, and thus, this reasoning is 
unlikely to be the proper approach to explain the A to S° 
cross section ratio. 

Obviously, the energy region of enhanced A over E° 
production ends at excess energies of slightly above e ps 
200 MeV. This surely is a surprise and will have impli- 
cations on theory as for example the calculations of (TU] 
predict values of i?A/s° ~ 5 at e = 200 MeV and must 
be reconciled with the present finding. The same authors, 
however, point out that the total cross sections for hy- 
peron production are not sufficient to tightly constrain 
the parameters of any model. Therefore, differential dis- 
tributions will be presented next. 



3.2 Differential distributions: pp — > pK + A 

Differential data for the reaction pp — > pK + A are pre- 
sented in figs. [5] to IH1 In the one-dimensional differential 
distributions, data points are included as long as the un- 
certainty (quadratic sum of statistical error, the uncer- 
tainty of signal integration and acceptance correction) in 
a specific bin is below 80% of its cross section value. In 
order to base the discussion on a quantitative footing, all 
one-dimensional distributions have been subjected to a 
least square fitting with Legendre polynomials dc/di? = 
X);=(T a i ' Pi> ^ = 0, 1, 2, 4. The coefficients are listed in 
the respective tables [2] to H and will be used only to judge 
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Fig. 5. Dalitz plot of the pK + A final state measured at 
e = 204 MeV. The data is acceptance corrected, however the 
background is not subtracted (see text). The scale of the rela- 
tive bin occupancy is shown at the right side. 



anisotropies (Pa and P4) and asymmetries (Pi, representa- 
tive for all Podd)- The energy dependence of the observable 
under study can also be inferred and is found to be, in gen- 
eral, rather weak. It should be noted in passing that the 
total cross section given by the integral of each differential 
distribution {a tot — J jmdfi = 47r • ao) in all cases is com- 
patible within uncertainty with the values listed in tablefT] 
The results obtained from (filtered) Monte Carlo data and 
the detector acceptance will be shown where appropriate. 



3.2.1 Dalitz plots 

The acceptance corrected Dalitz plot (jtikavs. m p A) of the 
pK + A final state is shown in fig. [5] for an excess energy 
of 204 MeV (p be a m = 2950MeV/c). Data is shown for a 
missing mass region of ±50MeV/c 2 around the A mass, 
hence reducing the contribution of background and TP 
hyperons. The plot is not corrected for background, how- 
ever, sideband cuts below the A-mass have been checked 
and show the background not to be responsible for the 
structures seen. 

The relative bin occupancy of the Dalitz plot shown 
in fig. [5] resembles strongly the one presented in [5], which 
was determined for a smaller excess energy of e = 171 MeV 
(Pbeam = 2850 MeV). In both cases the kinematically al- 
lowed region is covered, an enhancement of the data is ap- 
parent along the lower pA-mass boundary, and no promi- 
nent resonant band is observed along the m 2 A axis. This 
signature is explained in j6] by means of a quantitative 
Dalitz plot analysis. It was found that the nucleon reso- 
nances N(1650), N(1710), and N(1720) in conjuction with 
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Fig. 6. Angular distributions of the particles in the overall 
CMS, Jackson and helicity frames (top-down) for the reaction 
pp — > pK + A measured at an excess energy of e = 204 MeV 
(Pbeam = 2950 MeV/c) . Error bars for each data point are 
the square root of the quadratic sum of the statistical, accep- 
tance, and signal-to-background-separation uncertainty. The 
solid histogram in the pA Jackson frame represents the Leg- 
endre polynomial of table [5] which is used as MC filter. Its ef- 
fect on all other angular distributions is shown by the dashed 
histograms. Below each angular distributions the differential 
acceptance is shown. 
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Fig. 7. Angular distributions of the particles in the overall 
CMS, the Jackson and helicity frames (top-down) for the reac- 
tion pp — » pK + A measured at an excess energy of e = 239 MeV 
(Pbeam ~ 3059MeV/c). Error bars for each data point are 
the square root of the quadratic sum of the statistical, accep- 
tance, and signal-to-background-separation uncertainty. The 
solid histogram in the pA Jackson frame represents the Leg- 
endre polynomial of table [3] which is used as MC filter. Its ef- 
fect on all other angular distributions is shown by the dashed 
histograms. Below each angular distributions the differential 
acceptance is shown. 



a sizable pA FSI play a decisive role, however, both are 
strongly interrelated by interference effects. A detailed 
analysis of a series of Dalitz plots measured at excess en- 
ergies of 204, 284, and 316 MeV is the subject of a forth- 
coming publication of the COSY-TOF collaboration [46] . 

The present paper, hence, does not aim at an anal- 
ysis of the Dalitz plot. We rather focuses on presenting 
and discussing sets of one-dimensional differential distri- 
butions which have not been published so far. Our results 
substantially complement as well as support the earlier 
Dalitz plot analsis of [BJ. 

3.2.2 Angular distributions in the overall CMS 

The angular distributions of the three ejectiles in the over- 
all CMS are shown in the upper row of figs. [BJ to E] The 
dashed histograms shown in the same pictures correspond 
to filtered Monte Carlo data and will be explained in de- 
tail in the following section. The change of acceptance is 
smooth as shown below each distribution. The steep de- 
cline of acceptance towards cos# = 1 in the case of the 
kaon and proton distributions is caused by the require- 
ment of evaluating only hyperons emitted into the forward 
CMS hemisphere. Nevertheless, the angular distributions 



of proton and kaon are symmetric with respect to cos# = 
as the coefficients a\ in table [5] to 0] are compatible with 
zero. This symmetry in the overall CMS is mandatory in 
the case of identical particles in the entrance channel. 

The angular distributions of protons and A hyperons 
show a pronounced anisotropy. The proton distributions 
even require the inclusion of P4 . These anisotropics reflect 
relative angular momentum, L, in both the p — (K + A) 
and A — (K + p) system. From an inspection of the Legen- 
dre polynomial coefficients a/ in tables [5] to 0] one deduces 
(L < 2) for the former and (L < 1) for the latter. In 
contrast, the angular distributions of the kaons are essen- 
tially isotropic with 02 coefficients deviating slightly from 
zero only for the two lower energies. This indicates rel- 
ative angular momentum in the K + — (pA) system, if at 
all present, to become of even minor importance with in- 
creasing excess energy. 

The three CMS angular distributions are compatible 
with each other simply due to kinematics. If the K + A 
system is assumed, as working hypothesis, to form an N*- 
resonance the angular distribution of N* is the mirror 
image of that of the associated proton. The A^*-resonance 
decays in its own rest frame back to back into hyperon 
and kaon. The available energy in this two-body decay 
depends on the mass of the resonance and may vary be- 
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Fig. 8. Angular distributions of the particles in the overall 
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tion pp — >• pK + A measured at an excess energy of e = 284 MeV 
(Pbeam = 3200 MeV/c) . Error bars for each data point are 
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endre polynomial of table 2] which is used as MC filter. Its ef- 
fect on all other angular distributions is shown by the dashed 
histograms. Below each angular distributions the differential 
acceptance is shown. 



tween zero and e. However, due to the phase space vol- 
ume, it will mainly be at intermediate excess energies, 
i.e. in the order of 100 MeV. Kinematics then constrains 
the (heavier) hyperon to mainly preserve the direction of 
flight of the iV*-resonance, while the (lighter) kaon can be 
emitted isotropically. This kinematic situation holds also 
true if the N* resonance has a very large width; then the 
kinematics becomes similar to that of particles distributed 
homogeneously according to three-body phase space. 

Thus, the angular distributions in the overall CMS 
are not well suited to directly draw conclusions on res- 
onant or non-resonant production, as the former always 
displays a convolution of a two step process (pp — ► pN* , 
N* — > K+A). It will be shown in the following that Jack- 
son and helicity frames are the much more natural choice 
of Lorentzian frames in order to study the reaction prop- 
erties due to intermediate resonances. 



3.2.3 Angular distributions in Jackson frames 

The motivation for an analysis within Jackson frames^], in- 
troduced by Gottfried and Jackson as early as 1964 [19"] . 



2 For reactions of type ab —>■ 123 the Jackson frame is de- 
fined as the Lorentzian frame in which the center of mass of the 



Table 2. Coefficients of Legendre polynomials (in units of 
fjb/sx) determined by least square fitting to angular distribu- 
tions of the reaction pp — > pK + A at e = 204 MeV (pbeam = 
2950MeV/c). 



<I2 



«4 



'V 



1.87 ± .12 
1.76 ± .06 
1.78 ± .08 



0.40 ± .19 
0.04 ± .10 



1.85 ± .34 
0.37 ± .16 
1.36 ± .18 



0.78 ± .26 



nRpA 

bp 

nRKp 
^bK 



1.77 ± .06 
1.79 ± .04 



9£P 1.76 ± .05 



-0.00 ± .10 
0.10 ± .08 
-0.11 ± .08 



1.59 ± .14 
0.50 ± .12 
0.45 ±.13 



nRpA 
7 Kp 
nRKp 
7 AK 

9£f A 1.62 ± .04 



1.64 ± .04 
1.61 ± .04 



-0.49 ± .08 
0.22 ± .08 
0.46 ± .08 



-0.32 ± .11 
-0.14 ±.11 
-0.16 ± .13 



Table 3. Coefficients of Legendre polynomials (in units of 
/ib/sr) determined by least square fitting to angular distribu- 
tions of the reaction pp — > pK + A at e = 239 MeV (pbeam = 
3059MeV/c). 



cos 


ao 


ai 




02 


"4 


Op 


1.94 ±0.12 


-0.16 ± 


.15 


1.31 ± .35 


0.90 ±.26 


0*K 


1.94 ±0.05 


-0.01 ± 


.09 


-0.25 ± .14 




0*A 


1.92 ±0.08 






1.54 ± .19 




nRpA 
% 


1.86 ±0.05 


-0.17 ± 


.09 


1.47 ± .12 





nRKp 

7 bK 

nRKA 

7 bK 



1.89 ± 0.04 
1.96 ±0.05 



0.14 ± .07 
-0.33 ± .08 



-0.11 ± .10 
0.46 ±.13 



nRpA 

Vk p 


1.95 ±0.03 


-0.87 ± 


.06 


-0.16 ±.08 




nRKp 
AK 


1.91 ±0.03 


0.56 ± 


.06 


-0.28 ± .10 




nRKA 
VpA 


1.96 ±0.04 


0.70 ± 


.07 


-0.01 ± .10 





arises by considering the 7rp — > KV vertex in fig. QJ>, c to 
represent an isolated "2 — > 2" reaction (the following ar- 
gumentation is similar for the Kp — > Kp vertex in fig. QJ,) . 
In this picture, the inverse reaction (KV— > pn) must have 
the same properties due to time reversal invariance. If one 
now imagines colliding beams of kaons and hyperons with 
Py = ~Pk, which is by definition the KV Jackson frame, 
it is self-evident that the distribution of angles 0^ Y of 
the (in this case emerging) proton with respect to the (in 



particles (2,3) is at rest (p3 = —p2)- In this frame the Jack- 
son angle is defined as the angle between the beam direction 
and that of particle 3, i.e. <(pb,f>3). This frame connects exit 
and entrance channel and carries information not accessible 
by means of a Dalitz plot analysis. In a three-body final state 
three two-body subsystems can be used to define a Jackson 
frame (R23, R31, R12; R indicating itest frame). The nomen- 
clature of [IS] is adopted: For 6^ 3 the superscripts denotes 
the rest frame under consideration, the subscripts indicate the 
angle of particle 3 with respect to the beam b. 
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Table 4. Coefficients of Legendre polynomials (in units of 
/ib/sr) determined by least square fitting to angular distribu- 
tions of the reaction pp — ► pK + A at e = 284 MeV (pbeam = 
3200 MeV/c). 
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.15 
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this case beam-axis defining) kaon directly gives informa- 
tion on the relative angular momenta involved. This argu- 
mentation holds with or without an intermediate nucleon 
resonance. 

Considering only this vertex four different particles 
are involved and, hence, the angular distributions are not 
at all restricted to show any symmetry with respect to 
cos6££A = o. In fact, 7r p — > K°A scattering shows a 
strong anisotropy which can be traced back to the interfer- 
ence of resonances with opposite parity [5"Tll5"2"] . Of course, 
the concept of an analysis within a Jackson frame is based 
on the presumption that there is no difference between a 
free and a virtual pion, and the form factor entering the 
7rp —¥ KY vertex is the same for both the two-body and 
the three-body reaction pp — > pKY with no influence of 
the additional proton in the latter case. 

A peculiarity arises in our case from the fact that the 
entrance channel consists of identical particles which re- 
sults in symmetric angular distributions in the overall 
CMS in which beam and target are collinear. However, 
this collinearity is destroyed when the system is boosted 
into a Jackson frame (the angle between the two protons 
is f» 160° on average). As beam and target particle are 
indistinguishable, the reference axis for the Jackson an- 
gle can be the direction of either proton. Therefore, the 
quantum mechanical identity of beam and target proton 
enforces the same angular distributions in the Jackson 
frame, when measured with respect to either proton. How- 
ever, as a Jackson frame is some other Lorentzian frame 
than the CM-system, the distributions are not required to 
show any symmetry. 

The angular distributions in the Jackson frames are 
shown in the middle rows of figs.[B]to[SI As the two protons 
of the initial state cannot be distinguished, both Jackson 
angles with respect to beam and target have been taken 
into account for each event (maintaining for simplicity the 
subscript b in 0^ 3 ). 

A pronounced anisotropy is observed in the pA Jack- 
son frame which is due to a relative angular momentum of 



L = 1 in the pA system (see table [2] to H]). This anisotropy 
as well as those of the angular distributions of protons 
and /1-hyperons in the overall CMS suggest their con- 
nection through kinematics. In order to investigate this 
conjecture all distributions measured in the CMS and the 
Jackson frames were used as weight functions for Monte 
Carlo simulations. It was found that solely the filter on the 
distribution in the pA Jackson frame (solid histogram in 
figs. |5] to [5]) results in a consistent and satisfactory descrip- 
tion of all CMS distributions, illustrated by the dashed 
histograms. It is concluded that the resonance reaction 
pp — ► pA^* with angular momentum in this "exit" chan- 
nel is of importance. The pA^* rest frame (which coin- 
cides with the CMS) is well represented by the pA Jack- 
son frame, due to the large mass difference of kaon and 
hyperon. Hence the pA Jackson frame is the natural ref- 
erence frame to study the dynamics of the intermediate 
pN* system. It should be stressed that this information 
on angular momentum (L < 2) in the p-N* system is ac- 
cessible neither by inspecting the CMS distributions nor 
the Dalitz plot. It is explicitly the choice of the respective 
Jackson frame which enables one to identify this aspect of 
the reaction dynamics. 

The angular distributions in the K + p- Jackson frame 
are expected to be basically isotropic if the reaction pro- 
cedes in two steps via an intermediate A r *-resonance as 
the final state protons and kaons do not originate from the 
same vertex (cf. fig. [TJd,c) and are correlated only through 
kinematics of the final state. If, however, kaon exchange as 
indicated in fig. [1^, plays an important role the distribu- 
tion in the K + p- Jackson frame could reflect properties of 
that process which may even involve a yet unknown inter- 
mediate pentaquark-resonance. The experimental angular 
distributions are symmetric within the experimental un- 
certainties (cf. ai coefficients in tables [5] to 2]). There is a 
clear tendency for the coefficient ci2 to decrease with in- 
creasing excess energy pointing at an angular momentum 
L of at most one unit to be present in the K + p interac- 
tion at smaller excess energy while L tends towards zero 
at higher excess energies. The Monte Carlo angular distri- 
butions resulting from the filter applied in the pA Jackson 
frame reproduce the data quite well. This is taken as ev- 
idence for a kinematical correlation rather than a strong 
indication for kaon exchange, which, however, cannot be 
excluded to contribute at some level. In fact, Balestra et 
al. |53] concluded from negative spin transfer coefficients 
Dnn, measured in exclusive A production from p^t colli- 
sions at 3.67 GeV/c, kaon exchange to contribute to the 
reaction mechanism in conjuction with pion exchange and 
Ap final state interaction. 

The experimental angular distributions in the K + A 
Jackson frame tend to be both anisotropic and asymmet- 
ric. Both effects are only poorly reproduced by filtered 
phase-space Monte Carlo data. It is thus tempting to as- 
sume these angular distributions to be caused by the ex- 
citation of A'* -resonances decaying into the K + A channel. 
All these nucleon resonances have large widths and may 
contribute through their broad tails to the reaction, even 
if their central mass is outside the mass region between 
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the threshold (1609 MeV/c 2 ) and 1893 MeV/c 2 (for the 
highest excess energy). An inspection of [24] reveals a long 
list of possibly participating N* resonances, classified as 
either Sn, Pn, P13, D13, D15, or F15. A Z\*-resonance 
cannot contribute due to isospin conservation. The coef- 
ficients of table [5] to |31 show ai to have a tendency to be 
non-zero while a?, is non-zero. The fact that the inclusion 
of Legendre polynomials up to P2 suffices for a good de- 
scription shows that only angular momenta of L < 1 are 
participating in this "2— >2 reaction" or, in other words, if 
./V*-resonances are involved their decay angular momen- 
tum must be L < 1. This constrains the resonances pos- 
sibly involved to Sn, Pn, and P13, where L = belongs 
to the former, L = 1 to the latter two. Contributions of 
Di3, £*i5, or Fib resonances, which would require L > 1, 
are therefore not supported by the data. 

The angular distribution of a true two-body resonance 
reaction is asymmetric (ai ^ 0) only if resonances with 
both parities are simultaneously excited through interfer- 
ing amplitudes [54 - this is observed in 7r~p — > K°A scat- 
tering 51,52]. Hence, this distribution in the K + A Jack- 
son frame is a strong indication in the present analysis of 
one-dimensional distributions that more than one N* res- 
onance with opposite parity participates in the production 
process, namely N(1650)S n , N(1710)P n , and N(1720)P 13 . 
This section is concluded by stressing that this finding is 
fully consistent with that extracted from the Dalitz plot [6] 
which describes the correlations of the exit channel only. 



3.2.4 Angular distributions in helicity frames 

In a reaction of type ab — > 123 the helicity angle in a re- 
spective helicity fram^fl interrelates the three particles of 
the exit channel; in fact, the helicity angle distribution is 
simply a special type of projection of a Dalitz plot. A uni- 
formly populated Dalitz plot corresponds to isotropic he- 
licity angle distributions whereas all physical and/or kine- 
matical effects distorting the Dalitz plot must result in 
characteristic distributions in helicity frames. For exam- 
ple, an isolated narrow resonance decaying into the (23) 
system manifests itself as a "band" extending along the 
m 2 3 (or likewise m\ 2 ) axis in a Dalitz plot. The properties 
of mass and width of the resonance are seen in the (12) 
and (13) helicity frames while the decay pattern charac- 
teristic for the angular momentum of the resonance shows 
up in the (23) helicity frame. 

Final state interaction also distorts a Dalitz plot and 
consequently FSI effects are also seen in helicity angle dis- 



3 For reactions of type ab — > 123 the helicity frame is defined 
as the Lorentzian frame in which the center of mass of the 
particles (2,3) is at rest (p3 = — P2), i.e. it is the identical 
Lorentzian frame as the respective Jackson frame. The choice 
of the word "frame" relates to the reference axis, which in case 
of the helicity frame is the direction of particle 1. As in the case 
of Jackson frames, three helicity frames can be constructed by 
cyclic permutation for the three-body final state (R23, R31, 
R12). Nomenclature: 8f^ 3 is the angle of particle 3 with respect 
to the reference axis 1 (subscript), measured in the rest frame 
of particle 2 and 3 (superscript). 



tributions. A strong FSI, for example, between particle 
1 and 3 leads to an enhancement at cos6>^ 3 23 = 1 and 
cos#3 2 12 = —1. If, however, FSI-effects and various (res- 
onant and non-resonant) reaction mechanisms contribute 
the situation becomes by far more complicated and quan- 
titative conclusions can only be drawn with caution. Then, 
theoretical models have to treat all contributions in a co- 
herent manner and their results have to be confronted 
with the data. Such an approach was adopted for the 
pp — > pK + A channel and an excess energy of 130 MeV by 
Sibirtsev et al. 56 . These authors pointed out that helic- 
ity distributions are ideally suited to determine the various 
contributions to the reaction mechanism in a quantitative 
manner. 

The angular distributions in the three helicity frames 
are shown in the lower rows of figs. [5] to [5] All distri- 
butions deviate significantly from isotropy. The dashed 
histograms, which are isotropic, again are the results of 
Monte Carlo data filtered with the experimental distribu- 
tion as measured in the pA- Jackson frame. The filter is 
without any effect on the helicity angle as the latter is 
solely an exit channel property. The parameters of Legen- 
dre polynomial fittings to the experimental distributions 
are shown in tables [2] to |U 

As mentioned above, the distributions in helicity fra- 
mes both depend on and reflect, via kinematics, the masses 
and the widths of participating nucleon resonances. In or- 
der to stress these aspects, the experimental data taken at 
e = 239 MeV are shown in fig.|9]again, left hand side in the 
pA, right hand side in the K + p helicity frames. In the same 
pictures are included the results of Monte Carlo simula- 
tions of single nucleon resonances (N* —> K + A) with mass 
m and width r abbreviated as N(m,r). In addition, the 
result for an incoherent sum of three Monte Carlo data- 
sets (phase space, N(1650, 150), N(1720, 150) - all entering 
with equal weight) is shown as a dashed line. Some general 
conclusions will now be drawn by comparing these Monte 
Carlo distributions with the measured ones. 

The effect of narrow resonances (N(1600), N(1650), 
N(1720), N(1850); r = 20 MeV) is studied first; they were 
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Fig. 9. Angular distributions measured in the pA and K + p 
helicity frames. The lines are the Monte Carlo result for various 
nucleon resonances (N(m, F)). The dashed line is the result for 
a incoherent sum of Monte Carlo data (see text). 
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found to cause strongly localized distortions of the distri- 
butions in both hclicity frames. As an example the result 
for N(1850, 20), assumed to have a cross section of 2.5 fib, 
is shown in fig. In this case the distribution in the K + p 
helicity frame would leave room for such a resonance to 
contribute, however the corresponding characteristic dis- 
tortion in the pA helicity frame is not observed experi- 
mentally. The results obtained for all the other narrow 
resonances are incompatible with the data in both frames. 
Hence, any hypothetical narrow resonance ("missing" or 
exotic) is excluded to contribute on a level of about 2.5 fib. 

Resonances with masses mjv* > 1850 MeV and various 
widths of 7^=150 to 400 MeV yield distributions incompat- 
ible with the measured ones. As an example for this class 
of resonances, the effect of the N(1850, 150) is shown in 
fig-Hi The distributions of measured and Monte Carlo data 
clearly show opposite slopes in either frame. Thus a whole 
set of resonances, namely N(1900)Pi 3 [24], N(1840)P n 
[25], N(1875)D 13 [23], N(1895)D 13 [25JI27], and N(1950)D 13 
[25] is unlikely to contribute to the reaction pp — > pK + A. 

The kinematical effect of a light nucleon resonance was 
studied by means of a simulation of an N(1400, 270) res- 
onance. As its central mass is smaller than the sum of 
the masses of kaon and A the production process can only 
proceed via the broad tail of the resonance. The numeri- 
cal values for mass and width are chosen according to the 
result of the resonance isobar model of ref.[T2] which ex- 
plains well the energy dependence of the ratio Rk/s° by 
invoking only this resonance. The distributions generated 
by this single resonance follow fairly well the experimen- 
tal one in the pA but fail to produce that observed in the 
Kp helicity frame. Hence, a broad sub-threshold resonance 
alone is not able to account for the kinematic situation 
found in the pK + A final state. 

The same observation holds true for both N(1650,150) 
and N(1720,150) which on their own are not able to de- 
scribe the observed angular distributions in fig. [3] Simi- 
larly, a distribution according to pure three-body phase 
does not follow the data as it leads to isotropic distribu- 
tions (not shown). On the other hand, the sum of these two 
resonances and phase space (represented by the dashed 
line) follows the experimental data very well. Of course, 
this mere incoherent superposition reflects only a particu- 
lar kinematic situation (omitting FSI effects) and does not 
describe the dynamics of the pK + A production process. 
Therefore, beyond kinematics, it should be interpreted 
with caution, especially as the analysis of distributions 
in the K + A Jackson frame strongly indicated interference 
effects due to resonances with certain spins and opposite 
parity, namely Sn, Pn, and P13. These are just the states 
N(1650)S n , N(1710)P n /N(1720)P 13 which were included 
in the Monte Carlo simulation. Thus, the very good re- 
production of the experimental data by a curve result- 
ing from an incoherent sum of three Monte Carlo data 
sets supports, from a kinematical point of view, that the 
resonances involved are, indeed, N(1650)S 1:L , N(1710)P 11 / 
N(1720)P 13 . 

Finally, the implications of the pA-helicity angle dis- 
tributions for the explanation of the A to E° cross section 



ratio near the threshold are discussed. In [5] i?A/s° = 27 
was predicted from the ratio of the KNY coupling con- 
stants 9%ak/9nsk- Obviously, for this prediction to ap- 
ply the production process must be dominated by kaon 
exchange (fig. QJ,). Pure kaon exchange, however, should 
lead to an isotropic distribution in the pA-helicity frame 
[56], which is not observed experimentally. Hence, kaon 
exchange cannot be the dominant production process and 
nucleon resonances have also to be taken into account 
at the excess energies considered here. Then it is rea- 
sonable to assume that resonant contributions are also 
present near the threshold, as, e.g., the N(1650)S 11 reso- 
nance (width w 165 MeV [24] ) can easily be produced at 
threshold energies. Hence, the explanation of the i?A/s° 
to be solely related to the NKY coupling constants is not 
likely to be correct. 

The angular distributions in the K + A helicity frame 
are shown in the lower- right frames of figs. [5] to [SJ An ap- 
parent enhancement towards cos9^jf A = 1 is observed for 
all excess energies. This asymmetry cannot be caused by 
any single nucleon resonance, as in this case the distribu- 
tion would be either isotropic (decay angular momentum 
L = 0) or symmetric with respect to cos6> = {L > 1). 

The pA FSI introduces an asymmetry with enhanced 
cross section towards cos9^ A = 1. However, FSI effects 
are limited to relative energies of the pA system of just 
a few MeV and therefore influence only a limited region 
of the Dalitz plot at the excess energies considered here. 
Thus, it is difficult to see how the observed asymmetric 
distribution in the K + A helicity frame, which is a projec- 
tion of the whole Dalitz plot, can be explained solely by 
FSI. If one excludes exotic resonances decaying into the 
pA or pK + channel, which would lead via kinematics to an 
asymmetry in the K + A helicity frame, one is left with the 
conclusion that a coherent interference of various N* reso- 
nances (including FSI) dominates the reaction. It is known 
that the interference of resonances of different parity leads 
to asymmetric angular distributions |54j . The analysis of 
the distributions in the K + A Jackson frame evidenced that 
more than one resonance of opposite parity are involved. 
The discussion of fig. H] showed that a combined contri- 
bution of the N(1650)S n and N(1710)P n /N(1720)P 13 , 
which have opposite parity, is kinematically supported. 
Hence, the mentioned interference of resonances with dif- 
ferent parity is possible and likely to cause the asymmetry 
observed in the K + A helicity frame. 

We like to end this section with a comment on a very 
recent observation of an exotic resonant state X (mx= 
2267MeV/c 2 , T x = 118 MeV/c 2 ) which decays into two 
baryons, a non-strange proton and a strange A hyperon 
[55) . The resonance is interpreted to be a deeply bound, 
compact K~pp cluster (binding energy ss 100 MeV) which, 
hence, could be a possible gateway towards cold and dense 
kaonic nuclear matter. The measurement was carried out 
with a beam momentum of 3670 MeV/c which corresponds 
to an excess energy of e = y/s — m K + — nix = 221 MeV. 
At this energy, the contribution of this exotic K + X pro- 
duction to the total pp — > pK + A cross section is found to 
be about 20%. 
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Compared to |55j the beam momenta considered in 
this paper (2950, 3059, 3200 MeV/c) correspond to con- 
siderably smaller excess energies of -9, 26, and 71 MeV 
for K + X production. Due to the width of the resonance 
the K + X final state is kinematically accessible even at 
the negative excess energy of -9 MeV. However, all three 
excess energies are smaller than the width of the reso- 
nance. Thus, the strength of possible contributions must 
consequently be considerably smaller compared to [55 . 
Contributing only on a few percent level, such a weak sig- 
nal is obviously difficult to observe directly in figs. [SKI 
Theory is now asked to explore the benefit of adding this 
exotic state, in addition to "standard" nucleon resonances 
decaying into K + A, when reproducing our data. 
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Fig. 10. Angular distributions of the particles in the overall 
CMS, Jackson and helicity frames (top-down) for the reac- 
tion pp —¥ pK + E° measured at an excess energy of e = 162 
MeV (pbeam = 3059MeV/c). Error bars for each data point 
are the square root of the quadratic sum of the statistical, 
acceptance, and signal-to-background-separation uncertainty. 
The solid histogram in the Kp Jackson frame represents the 
Legendre polynomial of table [5] which is used as MC filter. Its 
effect on all other angular distributions is shown by the dashed 
histograms. Below each angular distributions the differential 
acceptance is shown. 



3.3 Differential distributions: pp — > pK+E° 

The data set taken at pb eam — 3059MeV/c (e s o = 162 
MeV) provides for the first time direct insight into the 
reaction dynamics of proton-proton induced pK + E° pro- 
duction as differential observables are accessible. These 
angular distributions are shown in fig. 1101 the coefficients 



Table 5. Coefficients of Legendre polynomials (in units of 
/ib/sr) determined by least square fitting to angular distribu- 
tions of the reaction pp — > pK + S° at e = 162 MeV (pbeam = 
3059MeV/c). 
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from the least square fitting are listed in table [5] The his- 
tograms represent filtered Monte Carlo data, which will 
be explained in the course of the discussion. The arrange- 
ment within the figure is analogous to the case of A pro- 
duction (figs. |6] to HI), i.e. the first row shows distributions 
in the overall CMS while in the second and third row 
distributions in the Jackson and helicity frames are pre- 
sented, respectively. In order to avoid repetition, we will 
draw on arguments presented above in order to directly 
deduce conclusions on pK + E° production. Emphasis will 
be put on a comparison of both hyperon production chan- 
nels closest in excess energy where, for the time being, 
the difference in e A = 204 MeV and e s o = 162 MeV is ig- 
nored. This seems justified as the reaction mechanism for 
A production was found, as shown above, not to change 
dramatically with excess energy. 

The distributions in the overall CMS and the Jack- 
son frames for A and S° production (first /second row in 
figs. [6] and I10p not only differ apparently but in addition 
show an opposite behavior. An inspection of the parame- 
ters given in table [5] shows that the proton and TP CMS 
distributions as well as the those in the pE° and K + S° 
Jackson frame are compatible with isotropy whereas the 
corresponding distributions in the pKA channel (table 0) 
show strong anisotropy; for the pKA channel the kaon dis- 
tribution in the CMS and that in the K + p Jackson frame 
feature a pronounced anisotropy whereas the correspond- 
ing distributions in the A channel show strong isotropy. 
These finding are the first proof that the reaction mecha- 
nisms differ significantly for the reaction pp — ¥ pK + A and 
pp -> pK+E . 

From the CMS distributions one directly concludes 
that the K + — (p£°) system shows some indication of L = 
1 while the S° hyperon has no relative angular momentum 
with respect to the pK + subsystem. This is in line with the 
mainly isotropic distribution observed in the pE° Jackson 
frame. Hence, if intermediate resonances are involved (N* 
or A*), the relative angular momentum shared by the 
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p — N* or p — A* system is L — 0, remarkably different 
from the case of A production. 

The fact that no angular momentum is involved in the 
p — N*/A* system signifies that only particular partial 
waves in the entrance channel can participate. The nu- 
clear reaction theory developed by Blatt and Biedenharn 
[54 shows that isotropic angular distributions are only 
possible if one of the three following quantities is zero: 
entrance or exit channel angular momentum or total an- 
gular momentum. This condition is always fulfilled for the 
entrance channel states 1 So and 3 Po, irrespectively of the 
final state involved. It is also met for 3 Pi if it produces Sn 
or S31 resonances in the exit channel. Thus, the observed 
isotropy significantly constrains partial waves being pos- 
sible in entrance and exit channel. A conclusion like that 
could not be drawn in the case of the pp — > pK + A reaction 
as the corresponding angular distributions are anisotropic. 

The distribution in the K + E° Jackson frame shows 
isotropy within uncertainty. Hence, there is only little room 
for resonances with intrinsic angular momentum. Thus, 
from the list of nucleon resonances with assumed decay 
branches to K + E° [21], the resonances to be possibly in- 
volved are most likely N(1650)S n , and A(1900)S 31 while 
N(1710)P n , N(1720)P 13 , and A(1750)P 31 seem less prob- 
able to contribute. 

The distribution in the K + p Jackson frame shows an- 
isotropy. This indicates that the proton-kaon subsystem 
carries a relative angular momentum of L = 1. This can- 
not be the decay angular momentum of N* or A* reso- 
nances as it is impossible for them to disintegrate into a 
non-strange proton and a strange kaon - only an as yet un- 
known pentaquark state could feature such a decay. The 
anisotropy observed is rather conjectured to be a strong 
indication of the presence of kaon exchange (fig. QJ,) ■ This 
again discriminates between the E° and the A channel. 

As in the case of the A production a filter was set on 
those distributions which deviate the most from isotropy. 
It is found that the filter on the distribution in the Kp 
Jackson frame (solid line histogram) is well suited to si- 
multaneously describe the data in the CMS and Jackson 
frames (dashed line histograms). 

The distributions in the three helicity frames are pre- 
sented in the bottom row of fig. [TO] Compared to those 
for the A production shown in fig. [6] (e = 204 MeV) these 
distributions feature a smaller, however, still significant 
anisotropy. In particular, the asymmetric distribution in 
the K + S° helicity frame show interference effects which, 
in the present case of S° production, may involve nucleon 
as well as A resonances, kaon exchange potentially carry- 
ing angular momentum as well as all three possible final 
state interactions. 



3.4 Summary 

Associated strangeness production was investigated in the 
reactions pp — > pK + A and pp — > pK + E° using data col- 
lected by the time-of-flight spectrometer COSY- TOF. Data 
were analyzed for three different beam momenta (pbeam = 



2950, 3059, 3200 MeV/c), which correspond to excess ener- 
gies of 204, 239, and 284 MeV in the case of A production 
whereas the neutral £ is produced 127, 162, and 207 MeV 
above the threshold. 

These measurements extend the experimental knowl- 
edge of both reactions by roughly 80 MeV into an energy 
range formerly believed to show an sizable enhancement 
of the ratio of the A to E° cross section. At e = 204 MeV 
this ratio is found to be 2.5 ± 0.4 and shows the high en- 
ergy limit, so far measured for e > 700 MeV, to be reached 
already in the region of the moderate excess energies con- 
sidered here. 

In the case of pp — > pK + A differential cross sections 
were obtained in the CM-, Jackson-, and helicity- frames 
for all three excess energies. Strong evidence was found 
for a production scenario including intermediate nucleon 
resonances. Especially a process which involves N(1650)Sn, 
N(1710)Pn, and/or N(1720)Pi 3 is deduced from the data; 
D13, D15, and F15 resonances are unlikely to contribute. 
Kaon exchange with angular momentum L > 1 is excluded 
while L — may be present, however, surely not being the 
dominant process. 

For the reaction pp — > pK + S° the first differential data 
have been shown (e = 162 MeV). The distributions in the 
overall CMS as well as in the various Jackson frames fea- 
ture an opposite behavior with respect to those observed 
for A production. Only entrance channel partial waves ^o, 
3 Po, and 3 Pi are found to be involved. Strong indication 
is found for kaon exchange carrying angular momentum. 
If resonances contribute to E° production they are likely 
to be of the type Sn and S31. 

Thus, one of the key results of this paper is the proof 
that the reaction mechanisms for E° and A production dif- 
fer decisively. With this differential data at hand theory is 
now challenged to advance a model which simultaneously 
describes the data presented. 
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Table 6. Cross sections in /Jo/st for the reaction pp —¥ pK + A, pteam = 2950MeV/c, e = 204 MeV, fig. [6] 



cos 9 








1 




$7 (ft) 


da / f\RpA\ 

jn^bp ) 


da ia RK V \ 

daWbK ) 


da (oRKA\ 

m y°bK ) 


da ( nRpA\ 

dn*y a Kp ) 


da fnRKp\ 
dn\ U AK ) 


da ( nRK A\ 


-0.95 


3.88 ± 0. 


52 


2 


.46 ± 1.58 




4 25 ± 65 

1 . — J — 1_ V / . \J ' f 


2.34 ±0.63 


2 


.75 ±0.70 


1 


.56 ±0.22 


2 


.40 ±0.71 


1 76 ± 75 


-0.85 


2 


.58 ± 0. 


25 


2 


04 + n 50 




3 00 ± 31 


2.06 ± 0. 


29 


2 


.52 ±0.39 


1 


.75 ±0.19 


1 


.19 ±0.22 


1.27 ± 0.26 


-0.75 


1 


.75 ± 0. 


15 


1 


99 ± 28 




2.19 ± 0.17 


1.90 ± 0. 


18 


1 


.89 ±0.20 


2 


.07 ±0.18 


1 


.50 ±0.20 


1 69 ± 20 


-0.65 


1 


.32 ± 0. 


12 


1 


.94 ± 0.20 




1.83 ± 0.14 


1.94 ± 0. 


16 


1 


.88 ±0.15 


2 


.06 ±0.18 


1 


.67 ±0.19 


1.28 ± 0.14 


-0.55 


1 


.42 ± 0. 


14 


1 


58 ± 15 




1.42 ± 0.12 


1.78 ± 0. 


14 


1 


.71 ±0.14 


2 


.13 ±0.19 


1 


.50 ±0.18 


1 58 ± 17 


-0.45 


1 


.12 ± 0. 


10 


1 


.75 ± 0.15 




1.29 ± 0.10 


1.61 ± 0. 


12 


1 


.58 ±0.10 


1 


.85 ±0.16 


1 


.53 ±0.16 


1.20 ± 0.07 


-0.35 


1 


.31 ±0. 


13 


1 


.56 ± 0.14 




1.25 ± 0.11 


1.61 ±0. 


11 


1 


.68 ±0.13 


1 


.72 ±0.15 


1 


.37 ±0.15 


1 90 ± 18 


-0.25 


1 


.20 ±0. 


13 


1 


.58 ± 0.14 




1.14 ± 0.11 


1.38 ±0. 


11 


1 


.81 ±0.14 


2 


.22 ±0.19 


1 


.49 ±0.16 


1.84 ± 0.18 


-0.15 


1 


.03 ± 0. 


11 


1 


.70 ± 0.16 




1.22 ± 0.11 


1.46 ± 0. 


12 


1 


.57 ± 0.12 


2 


.02 ± 0.18 


1 


.57 ±0.15 


1 58 ± 15 


-0.05 


1 


.44 ± 0. 


19 


1 


.40 ±0.14 


— 


1.12 ± 0.10 


1.57 ±0. 


12 


1 


.78 ±0.13 


1 


.80 ±0.17 


1 


.44 ±0.15 


1.94 ±0.17 


0.05 


1 


.19 ±0. 


17 


1 


.55 ±0.15 


1.27 ±0.12 


0.97 ±0.09 


1.46 ± 0. 


11 


1 


.59 ±0.12 


1 


.56 ±0.16 


2 


.01 ±0.18 


1.72 ±0.16 


0.15 


1 


.24 ±0. 


17 


1 


.55 ±0.15 


1.20 ±0.08 


1.08 ±0.10 


1.69 ±0. 


14 


1 


.53 ±0.12 


1 


.50 ±0.16 


2 


.23 ±0.19 


1.62 ±0.15 


0.25 


1 


.58 ±0. 


24 


1 


.96 ±0.18 


1.13 ±0.10 


1.09 ±0.15 


1.77 ±0. 


14 


1 


.37 ±0.11 


1 


.83 ±0.18 


1 


.90 ±0.14 


1.85 ±0.17 


0.35 


1 


.10 ±0. 


24 


1 


.85 ± 0.20 


1.36 ±0.11 


1.09 ±0.10 


1.95 ±0. 


14 


1 


.42 ±0.11 


1 


.59 ±0.17 


1 


.78 ±0.16 


1.88 ±0.16 


0.45 


1 


.52 ±0. 


32 


1 


.74 ±0.19 


1.24 ±0.11 


1.38 ±0.12 


1.67 ±0. 


.14 


1 


.79 ±0.13 


1 


.46 ± 0.19 


1 


.79 ±0.17 


1.88 ±0.17 


0.55 


2 


.16 ±0. 


51 


1 


.92 ± 0.21 


1.72 ± 0.14 


1.60 ±0.13 


1.95 ±0. 


15 


1 


.62 ±0.14 


1 


.32 ± 0.14 


1 


.50 ±0.14 


1.96 ±0.17 


0.65 


3 


.39 ±0. 


88 


1 


.66 ±0.18 


1.89 ±0.15 


1.74 ±0.14 


1.98 ±0. 


16 


1 


.75 ±0.17 


1 


.21 ± 0.15 


1 


.49 ± 0.15 


1.74 ±0.16 


0.75 


2 


.09 ±0. 


73 


1 


.84 ± 0.21 


2.44 ±0.19 


2.44 ±0.19 


1.80 ±0. 


.17 


1 


.97 ±0.23 


1 


.26 ± 0.17 


1 


.87 ±0.19 


1.64 ±0.17 


0.85 


2 


.64 ±1. 


56 


1 


.96 ± 0.35 


2.58 ±0.32 


2.90 ±0.29 


2.04 ±0. 


.29 


2 


.04 ±0.44 


1 


.10 ±0.22 


1 


.88 ± 0.21 


2.15 ±0.28 


0.95 












3.70 ± 0.86 


4.33 ±0.59 


1.86 ±0. 


53 


3 


.13 ±1.66 


1 


.04 ± 0.40 


1 


.74 ± 0.23 


2.44 ± 0.37 



Table 7. Cross sections in /itb/sr for the reaction pp — > pK + A, pbeam = 3059 MeV/c, e = 239 MeV, fig. (7) 



cos 6 




fs(ft) 


Jn( 6 K+) 




Iff (%) 


da /nRpA\ 

dQ y u b P ) 


da ( nRKp\ 

dH( y bK ) 


da (aRKA\ 

d(2V 1 bK ) 


da /nRpA\ 

dn^Kp ) 


da ( nRKp\ 

dny u AK ) 


da (oRKA\ 

la y°pA ) 


-0.95 


4. 


.15 ±0.66 


2.15 ± 1.57 






4.52 ± 0.98 


2.32 ± 0. 


51 


3 


.04 ± 0.70 


2.63 ±0.20 


2. 


.10 ±0.50 


1.45 ± 0.36 


-0.85 


2 


.72 ±0. 


23 


2.07 ±0.42 






3.19 ±0.36 


1.99 ±0. 


27 


2 


.70 ± 0.44 


2.51 ±0.20 


1. 


.99 ± 0.32 


1.51 ± 0.20 


-0.75 


2 


.07 ±0. 


12 


2.13 ±0.24 






2.37 ±0.15 


1.74 ±0. 


15 


2 


.35 ±0.25 


2.54 ±0. 


18 


1. 


.47 ±0. 


13 


1.38 ± 0.12 


-0.65 


1 


.68 ± 0. 


10 


1.91 ±0.17 






2.04 ± 0.13 


1.93 ±0. 


13 


2 


.14 ±0.17 


2.44 ±0. 


15 


1. 


.42 ± 0. 


10 


1.46 ± 0.10 


-0.55 


1 


.66 ± 0. 


10 


1.97 ±0.13 






1.76 ±0.10 


1.77 ±0. 


12 


2 


.08 ±0.14 


2.43 ± 0. 


15 


1. 


.56 ±0. 


11 


1.49 ± 0.09 


-0.45 


1 


.54 ±0. 


10 


2.02 ±0.12 






1.70 ±0.10 


1.74 ±0. 


10 


1 


.98 ±0.12 


2.43 ±0. 


14 


1. 


.59 ±0. 


11 


1.72 ± 0.11 


-0.35 


1 


.68 ± 0. 


12 


1.89 ±0.11 






1.38 ±0.08 


1.74 ±0. 


10 


1 


.92 ±0.11 


2.46 ± 0. 


15 


1. 


.76 ±0. 


11 


1.76 ± 0.12 


-0.25 


1 


.73 ± 0. 


11 


1.89 ±0.12 






1.32 ± 0.08 


1.96 ±0. 


11 


1 


.87 ±0.10 


2.25 ±0. 


14 


1. 


.75 ±0. 


11 


1.77 ±0.11 


-0.15 


1 


.63 ± 0. 


12 


2.05 ±0.13 






1.23 ±0.07 


1.87 ±0. 


10 


1 


.81 ±0.10 


2.22 ±0. 


14 


2. 


.10 ±0. 


13 


1.91 ± 0.12 


-0.05 


1 


.64 ±0. 


16 


1.95 ±0.12 






1.14 ± 0.07 


1.88 ±0. 


10 


1 


.77 ±0.10 


2.13 ±0. 


13 


1. 


.96 ±0. 


13 


1.90 ± 0.11 


0.05 


1 


.49 ± 0. 


15 


2.16 ±0.14 


1 


.16 ±0.07 


1.20 ±0.07 


2.01 ± 0. 


11 


1 


.75 ±0.10 


2.02 ±0. 


12 


2. 


.45 ± 0. 


18 


2.05 ±0.12 


0.15 


1 


.33 ±0. 


17 


2.23 ±0.15 


1 


.25 ±0.08 


1.18 ±0.07 


2.12 ± 0. 


12 


1 


.72 ±0.10 


1.83 ±0. 


11 


2 


.17 ±0. 


16 


2.08 ±0.12 


0.25 


1 


.45 ± 0. 


23 


2.40 ±0.15 


1 


.22 ± 0.08 


1.18 ±0.07 


2.02 ± 0. 


11 


1 


.72 ±0.10 


1.69 ±0. 


11 


2. 


.32 ± 0. 


14 


2.13 ±0.13 


0.35 


1 


.46 ± 0. 


21 


2.03 ± 0.14 


1 


.42 ± 0.09 


1.34 ±0.08 


2.11 ±0. 


.12 


1 


.58 ±0.09 


1.70 ± 0. 


13 


2. 


.23 ± 0. 


14 


2.21 ±0.13 


0.45 


1 


.32 ±0. 


20 


2.11 ± 0.15 


1 


.62 ± 0.10 


1.41 ±0.09 


1.97 ±0. 


.11 


1 


.67 ±0.12 


1.53 ±0. 


11 


2. 


.23 ± 0. 


13 


2.19 ±0.14 


0.55 


1 


.89 ± 0.43 


1.75 ±0.13 


1 


.88 ±0.11 


1.51 ±0.10 


2.01 ±0. 


13 


1 


.72 ±0.13 


1.54 ±0. 


11 


2 


.21 ± 0. 


15 


2.31 ±0.15 


0.65 


2 


.27 ±0.53 


1.61 ± 0.18 


2 


.10 ±0.12 


1.79 ±0.11 


1.97 ±0. 


15 


1 


.85 ±0.15 


1.27 ±0. 


10 


2. 


.21 ± 0. 


15 


2.37 ±0.15 


0.75 


2 


.41 ±0.70 


1.94 ± 0.23 


2 


.33 ±0.18 


2.17 ±0.16 


1.83 ±0. 


.14 


2 


.00 ± 0.22 


1.28 ± 0. 


11 


2. 


.10 ±0. 


14 


2.53 ±0.20 


0.85 


1 


.73 ± 0.76 


2.02 ±0.39 


3.02 ± 0.45 


3.00 ±0.28 


1.81 ±0. 


24 


2 


.09 ± 0.39 


1.32 ± 0. 


17 


2. 


.22 ± 0. 


19 


2.58 ±0.28 


0.95 










3.91 ± 1.25 


4.32 ±0.56 


1.97 ±0. 


59 


2 


.41 ± 1.14 


0.99 ± 0. 


17 


2. 


.30 ± 0.25 


2.95 ± 0.44 
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Table 8. Cross sections in ^b/sr for the reaction pp -> pK + A, pbeam = 3200 MeV/c, e = 284 MeV, fig. [8] 



cos 9 








dcr fnRpA\ 

dn y"b P ) 


da /£\RKp\ 

dn(°bK ) 


da ( nRK A\ 

jnyVbK ) 


da f f\ Rp A \ 

jn^Kp ) 


da (f\RKp\ 

~d~n \ AK ) 


da f nRK A\ 

dnyVpA ) 


-0.90 


4.41 ± 0.52 


2.45 ± 1.31 




5.07 ±0. 


70 


2.98 ± 0.76 


4.44 ± 1.22 


3.49 ± 0.38 


2.63 ±1.13 


2.80 ± 0.83 


-0.70 


2.92 ± 0.26 


2.95 ±0.71 




2.89 ±0. 


28 


2.85 ±0.45 


3.03 ±0.51 


3.37 ±0.32 


2.34 ± 0.49 


1.84 ±0.34 


-0.50 


2.11 ± 0.21 


2.96 ±0.36 




2.12 ± 0. 


19 


2.65 ±0.30 


2.42 ±0.26 


2.92 ±0.26 


1.92 ±0.30 


2.62 ± 0.29 


-0.30 


1.98 ±0.25 


2.58 ±0.26 




1.90 ±0. 


17 


2.18 ± 0.18 


2.18 ±0.20 


2.77 ±0.29 


2.31 ±0.26 


1.72 ± 0.20 


-0.10 


2.59 ± 0.40 


2.92 ±0.29 




1.60 ±0. 


17 


2.77 ±0.21 


2.46 ±0.20 


2.58 ±0.24 


1.99 ±0.22 


2.09 ± 0.20 


0.10 


1.83 ±0.42 


2.76 ±0.29 


1.45 ±0.35 


1.71 ±0. 


17 


2.46 ± 0.20 


1.98 ±0.18 


2.15 ±0.22 


2.65 ±0.27 


2.26 ±0.24 


0.30 


1.97 ±0.66 


2.78 ±0.32 


1.74 ±0.19 


1.72 ± 0. 


16 


2.89 ± 0.24 


2.17 ±0.19 


2.26 ±0.27 


2.85 ±0.26 


2.99 ±0.29 


0.50 


2.16 ±0.99 


2.43 ±0.32 


2.15 ±0.20 


1.82 ± 0. 


17 


2.78 ± 0.26 


2.45 ±0.28 


2.01 ± 0.26 


2.57 ±0.23 


2.82 ±0.32 


0.70 




2.10 ±0.38 


3.12 ±0.36 


2.62 ±0. 


28 


3.06 ± 0.38 


2.33 ±0.45 


1.08 ±0.23 


3.19 ±0.30 


2.62 ±0.37 


0.90 






4.77 ±0.95 


4.93 ±0. 


74 


2.54 ±0.47 


3.46 ± 1.27 


1.10 ±0.48 


2.79 ± 0.38 


3.47 ±0.79 



Table 9. Cross sections in /xb/sr for the reaction pp — > pK + E°, pbeam = 3059 MeV/c, e = 162 MeV, fig. 1101 



cos 9 




I§( 6 'k+) 




dcr (flRpE \ 

an y u bp ) 


da rnRKp\ 
dn\ U bK ) 


dcr faRKE°\ 
dn\°bK ) 


dcr rnRpZ°\ 
dn \ u Kp ) 


dcr (rfRKp\ 

dny u s°K) 


dcr laRKE n 

m^pso ) 


-0.90 


0.26 ±0.05 


0.34 ±0.11 




0.33 ±0.07 


0.33 ±0.10 


0.40 ±0.12 


0.36 ± 0.07 


0.35 ±0.12 


0. 


16 ±0.05 


-0.70 


0.31 ±0.05 


0.30 ±0.06 




0.27 ±0.05 


0.35 ±0.07 


0.28 ± 0.06 


0.32 ± 0.06 


0.34 ± 0.07 


0. 


18 ± 0.04 


-0.50 


0.29 ±0.05 


0.26 ±0.04 




0.27 ±0.04 


0.31 ±0.05 


0.27 ±0.05 


0.27 ±0.05 


0.25 ±0.05 


0. 


26 ± 0.05 


-0.30 


0.23 ±0.04 


0.26 ±0.04 




0.27 ±0.04 


0.22 ±0.04 


0.28 ± 0.04 


0.28 ±0.05 


0.27 ±0.05 


0. 


24 ± 0.04 


-0.10 


0.23 ±0.04 


0.23 ± 0.04 




0.25 ±0.04 


0.21 ±0.03 


0.25 ± 0.04 


0.28 ±0.05 


0.29 ±0.05 


0. 


28 ± 0.05 


0.10 


0.23 ±0.05 


0.18 ±0.03 


0.30 ± 0.05 


0.26 ±0.04 


0.20 ±0.03 


0.27 ±0.04 


0.25 ±0.04 


0.29 ±0.05 


0. 


29 ± 0.05 


0.30 


0.29 ±0.07 


0.26 ±0.05 


0.28 ± 0.05 


0.26 ± 0.04 


0.21 ±0.03 


0.27 ± 0.04 


0.25 ± 0.04 


0.25 ± 0.04 


0. 


.30 ±0.05 


0.50 


0.27 ±0.09 


0.31 ±0.06 


0.28 ± 0.05 


0.30 ± 0.05 


0.26 ± 0.04 


0.27 ± 0.04 


0.28 ±0.05 


0.29 ±0.05 


0. 


.31 ±0.06 


0.70 


0.40 ± 0.20 


0.32 ± 0.08 


0.28 ± 0.05 


0.30 ±0.06 


0.32 ±0.07 


0.27 ±0.06 


0.21 ±0.05 


0.23 ± 0.04 


0. 


.25 ± 0.05 


0.90 




0.35 ±0.17 


0.34 ±0.10 


0.25 ±0.06 


0.34 ±0.12 


0.33 ±0.12 


0.19 ±0.06 


0.32 ±0.06 


0. 


.36 ± 0.08 



